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(54) Partially or completely encapsulated ferroelectric device 



(57) Aferroelectric capacitor includes a bottom elec- 
trode, a top electrode, and a ferroelectric layer located 
between the top and bottom electrodes that extends to 
completely encapsulate the top electrode, except for a 
contact hole to allow metalization of the top electrode. 



The total encapsulation of the top electrode reduces the 
sensitivity of the ferroelectric capacitor to hydrogen and 
thus improves electrical switching performance. The en- 
capsulation technique can also be used to improve the 
performance of ferroelectric transistors and other devic- 
es. 
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Description 

FIELD OF THE INVENTION 

This invention relates generally to ferroelectric ca- 
pacitors and transistors. More particularly, the present 
invention relates to a technique and structure for pre- 
venting degradation in the electrical performance of fer- 
roelectric capacitors and transistors. 

RELATED APPLICATIONS 

The present application is a continuation-in-part of 
co-pending patent application Seriai No. 08/700,076 en- 
titled "Partially Or Completely Encapsulated Top Elec- 
trode Of A Ferroelectric Capacitor", which was filed on 
August 20, 1996. 

BACKGROUND OF THE INVENTION 

A portion of a prior art integrated circuit ferroelectric 
memory cell 1 0 including a transistor and a ferroelectric 
capacitor is shown in FIG. 1. A silicon or other substrate 
12 includes a diffused region 14, which forms part of a 
transistor used in the memory cell. A thick oxide layer 
16 forms the substrate for the ferroelectric capacitor. 
Th e th ick oxide laye r 1 6 is pattern ed and etch ed to al low 
access to diffused region 14. The ferroelectric capacitor 
includes a platinum bottom electrode 18, a ferroelectric 
layer 20, typically PZT (lead zirconate titanate), and a 
platinum top electrode 22. A subsequent oxide layer 24 
is deposited, which is patterned and etched, to provide 
access to diffused region 14, bottom electrode 18, and 
to top electrode 22 A local interconnect layer 26 is de- 
posited, patterned and etched, to provide a local inter- 
connect 26A between top electrode 22 and diffused re- 
gion 1 4, as well as metal ization 26Bfor bottom electrode 
18. 

It is well known in the ferroelectric arts that certain 
ferroelectric materials, particularly PZT are susceptible 
to degradation of electrical switching performance if ex- 
posed to hydrogen. One source of hydrogen can be 
found in the plastic packaging materials often used with 
integrated circuits. Another source of hydrogen can be 
found in the various oxide layers used in fabricating the 
ferroelectric capacitor or memory cell. 

A section 28 of memory cell 10 is shown in greater 
magnification in FIG. 2 to illustrate the problem of hy- 
drogen sensitivity that exists within the prior art memory 
cell. Section 28 shows oxide layer 16, bottom electrode 
18, ferroelectric layer 20, top electrode 22, oxide layer 
24, and local interconnect 26A. Note particularly in FIG. 
2 that there is an interface between oxide layer 24 and 
ferroelectric layer 20. The interface extends along the 
top surface and sides of ferroelectric layer 20. During 
and afterfabrication, hydrogen is generated within oxide 
layer 24, which in turn is gradually absorbed by ferroe- 
lectric layer 20. The arrows shown in FIG. 2 show gen- 



erally the probable path of hydrogen diffusion into the 
ferroelectric layer 20. Studies have shown that exposure 
to hydrogen gradually degrades the amount of switching 
charge produced by the ferroelectric capacitor. Over 
s time, the exposure to hydrogen may destroy electrical 
switching performance altogether. 

What is desired, therefore, is a technique and struc- 
ture to reduce hydrogen sensitivity in an integrated fer- 
roelectric capacitor. 

10 

SUMMARY OF THE INVENTION 

It is, therefore, a principal object of the present in- 
vention to improve the electrical switching performance 
is of integrated circuit ferroelectric capacitors and transis- 
tors by reducing sensitivity to hydrogen. 

It is another object of the invention to improve the 
performance of ferroelectric memory circuits. 

It is an advantage of the invention that the fabrica- 
te tion methods set forth are generally compatible with ex- 
isting ferroelectric capacitor and ferroelectric memory 
fabrication methods. 

It is another advantage of the invention that the ca- 
pacitor fabricated as set forth herein can be used in a 
25 wide array of electronic products such as integrated cir- 
cuit memories and other integrated circuits, RF/ID inte- 
grated circuits and cards, discrete devices, or any ap- 
plication in which improved electrical switching perform- 
ance and resistance to hydrogen diffusion is desired. 
30 According to a first general embodiment of the 
present invention, a ferroelectric capacitor includes a 
bottom electrode, a top electrode, and a ferroelectric 
layer located between the top and bottom electrodes 
that extends to completely encapsulate the top elec- 
ts trode, except for a contact hole to allow metalization of 
the top electrode. The total encapsulation of the top 
electrode reduces the sensitivity of the ferroelectric ca- 
pacitor to hydrogen and thus improves electrical switch- 
ing performance. 
40 According to a second general embodiment of the 
present invention, a ferroelectric capacitor includes a 
bottom electrode and a ferroelectric layer formed on the 
bottom electrode. The ferroelectric layer is partially 
etched to form an indentation to receive a top electrode. 
45 A dielectric layer is formed over the ferroelectric layer, 
and includes a contact hole to allow metalization of the 
top electrode. The partial encapsulation of the top elec- 
trode also reduces the sensitivity of the ferroelectric ca- 
pacitor to hydrogen. 
50 The ferroelectric layer in the capacitor can be fab- 
ricated using PZT, SBT, or other known ferroelectric ma- 
terials. The ferroelectric capacitor can then be used in 
conjunction with a transistor to form a memory cell in an 
array of such cells. 
55 A first method of fabricating a ferroelectric capacitor 
according to the present invention includes the steps of: 
forming in sequence a bottom electrode layer, a first fer- 
roelectric layer, and a top electrode layer; etching the 
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top electrode layer to form a top electrode; forming a 
second ferroelectric layer over the first ferroelectric lay- 
er, thereby completely encapsulating the top electrode; 
etching the second ferroelectric layer; etching the first 
ferroelectric layer and the bottom electrode layer to form 
a bottom electrode; forming a dielectric layer over the 
etched first ferroelectric and second ferroelectric layers; 
etching a contact hole through the dielectric layer and 
the second ferroelectric layer to allow metal ization of the 
top electrode; and etching a contact hole through the 
dielectric layer and the first ferroelectric layer to allow 
metalization of the bottom electrode. 

A second method of fabricating a ferroelectric ca- 
pacitor according to the present invention includes the 
steps of: forming in sequence a bottom electrode layer, 
a first ferroelectric layer, and a top electrode layer; etch- 
ing the top electrode layer to form a top electrode; etch- 
ing the first ferroelectric layer; etching the bottom elec- 
trode layer to form a bottom electrode; forming a second 
ferroelectric layer over the first ferroelectric layer, there- 
by completely encapsulating the top electrode; etching 
the second ferroelectric layer so that the second ferro- 
electric layer overlaps the bottom electrode; forming a 
dielectric layer over the etched second ferroelectric lay- 
er; and etching contact holes through the dielectric layer 
and the second ferroelectric layer to allow metalization 
of the top and bottom electrodes. 

A third method of fabricating a ferroelectric capaci- 
tor according to the present invention includes the steps 
of: forming in sequence a bottom electrode layer, a first 
ferroelectric layer, and a top electrode layer; etching the 
top electrode layer to form a top electrode; etching the 
first ferroelectric layer; etching the bottom electrode lay- 
er to form a bottom electrode; forming a second ferroe- 
lectric layer over the first ferroelectric layer, thereby 
completely encapsulating the top electrode; forming a 
dielectric layer over the second ferroelectric layer; and 
etching contact holes through the dielectric layer and the 
second ferroelectric layer to allow metalization of the top 
and bottom electrodes. 

Afourth method of fabricating a ferroelectric capac- 
itor according to the present invention includes the steps 
of: forming in sequence a bottom electrode layer, a first 
ferroelectric layerof afirstthickness, and atop electrode 
layer; etching the top electrode layer to form a top elec- 
trode; etching the first ferroelectric layer; forming a sec- 
ond ferroelectric layer of a second thickness over the 
first ferroelectric layer, thereby completely encapsulat- 
ing the top electrode; etching the second ferroelectric 
layer and the bottom electrode layer to form a bottom 
electrode; forming a dielectric layer over the etched sec- 
ond ferroelectric layer; and etching contact holes 
through the dielectric layer and the second ferroelectric 
layer to allow metalization of the top and bottom elec- 
trodes. 

A fifth method of fabricating a ferroelectric capacitor 
according to the present invention includes the steps of: 
forming in sequence a bottom electrode layer and a fer- 



roelectric layer; partially etching the ferroelectric layer 
to form an indentation; forming a conformal top elec- 
trode layer over the ferroelectric layer; etching away the 
top electrode layer to form a top electrode in the inden- 
s tation; etching the ferroelectric layer; etching the bottom 
electrode layer to form a bottom electrode; forming a di- 
electric layer over the etched ferroelectric layer; and 
etching contact holes through the dielectric layer to al- 
low metalization of the top and bottom electrodes. 
10 A sixth method of fabricating a ferroelectric capac- 
itor according to the present invention includes the steps 
of: forming a bottom electrode layer; etching the bottom 
electrode layer to form a bottom electrode; forming a fer- 
roelectric layer over the bottom electrode; partially etch- 
's ing the ferroelectric layer to form an indentation; forming 
a conformal top electrode layerovertheferroelectric lay- 
er; etching away the top electrode layer to form a top 
electrode in the indentation; forming a dielectric layer 
over the ferroelectric layer; etching a contact hole 
20 through the dielectric layer to allow metalization of the 
top electrodes; and etching a contact hole through the 
dielectric layer and the ferroelectric layer to allow met- 
alization of the bottom electrode. 

An integrated circuit ferroelectric memory cell hav- 
25 ing a bit line, a word line, and a plate line, fabricated 
according to the present invention includes: a silicon 
substrate or epitaxial region; a transistor formed in the 
substrate including first and second diffused regions, a 
thin gate oxide : and a gate forming the word line: a thick 
30 oxide layer formed on the substrate including contact 
holes to allow metalization of the first and second dif- 
fused regions; a ferroelectric capacitor formed on the 
thick oxide layer, the ferroelectric capacitor including a 
bottom electrode, a ferroelectric layer, and a top elec- 
ts trode, wherein the ferroelectric layer either partially or 
completely encapsulates the top electrode and includes 
a contact hole to allow metalization of the top electrode; 
a first dielectric layer formed over the thick oxide layer 
and the ferroelectric capacitor including contact holes to 
40 allow metalization of the first and second diffused re- 
gions, and the top and bottom electrodes of the ferroe- 
lectric capacitor; a first patterned metalization layer for 
contacting the first diffused region, for forming a local 
interconnect between the top electrode and the second 
45 diffused region, and for metalizing the bottom electrode; 
a second dielectric layer formed over the first metaliza- 
tion layer including contact holes to allow metalization 
of the first diffused region and the bottom electrode; a 
second patterned metalization layer for contacting the 
so first diffused region to form the bit line, and for contacting 
the bottom electrode to form the plate line; and a passi- 
vation layer formed over the second metalization layer. 
If desired, the first dielectric layer, the second dielectric 
layer, and the passivation layer can each be formed as 
55 a ferroelectric layer for an even greater resistance to hy- 
drogen degradation. 

The foregoing and other objects, features and ad- 
vantages of the invention will become more readily ap- 
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parent from the following detailed description of a pre- 
ferred embodiment of the invention which proceeds with 
reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Referring now to FIGS. 3-9, sequential sectional 
views of a first ferroelectric capacitor process suitable 
for use in a ferroelectric memory having decreased hy- 
drogen sensitivity are shown. 

In FIG. 3, a layer 1 6 of BPSG glass about 7000 Ang- 
stroms thick is deposited onto a silicon or other sub- 
strate (not shown). Any oxide, nitride, or other appropri- 
ate dielectric layer can be substituted for BPSG layer 
16. A platinum bottom electrode layer 18 is subsequent- 
ly deposited over BPSG glass layer 1 6 to a thickness of 
about 1 750 Angstroms. While platinum is used for elec- 
trode layer 16, other known materials compatible with 
ferroelectric films can be used including iridium, iridium 
oxide, and the like. The bottom electrode layer 18 also 
includes a titanium adhesion layer about 200 Angstroms 
thick to facilitate the adhesion of the platinum bottom 
electrode layer 18 to BPSG glass layer 16. A first ferro- 



FIG. 1 is a sectional view of a portion of a prior art 
integrated circuit ferroelectric memory including a 
ferroelectric capacitor and a transistor; 
FIG. 2 is a magnified view of a prior art ferroelectric 10 
capacitor illustrating particularly the problem of hy- 
drogen diffusion into the ferroelectric dielectric layer 
resulting in degradation of electrical switching per- 
formance; 

FIGS. 3-9 are sequential sectional views of a ferro- '£ 
electric capacitor process suitable for use in a fer- 
roelectric memory having decreased hydrogen sen- 
sitivity according to a first embodiment of the inven- 
tion; 

FIG. 10 is a plan view of a set of ferroelectric ca- 20 
pacitors fabricated according to the process shown 
in FIGS. 3-9; 

FIGS. 11-17 are sequential sectional views of afer- 
roelectric capacitor process suitable for use in a fer- 
roelectric memory having decreased hydrogen sen- 25 
sitivity according to a second embodiment of the in- 
vention; 

FIG. 18 is a plan view of a set of ferroelectric ca- 
pacitor fabricated according to the process shown 
in FIGS. 11-17; 30 
FIGS. 1 9-24 are sequential sectional views of a fer- 
roelectric capacitor process suitable for use in a fer- 
roelectric memory having decreased hydrogen sen- 
sitivity according to a third embodiment of the in- 
vention; 35 
FIG. 25 is a plan view of a set of ferroelectric ca- 
pacitor fabricated according to the process shown 
in FIGS. 19-24; 

FIGS. 26-32 are sequential sectional views of a fer- 
roelectric capacitor process suitable for use in afer- 40 
roelectric memory having decreased hydrogen sen- 
sitivity according to a fourth embodiment of the in- 
vention; 

FIGS. 33-41 are sequential sectional views of a fer- 
roelectric capacitor process suitablefor use in afer- 45 
roelectric memory having decreased hydrogen sen- 
sitivity according to a fifth embodiment of the inven- 
tion; 

FIGS. 42-50 are sequential sectional views of a fer- 
roelectric capacitor process suitablefor use in afer- so 
roelectric memory having decreased hydrogen sen- 
sitivity according to a sixth embodiment of the in- 
vention; 

FIG. 51 is a schematic diagram of a ferroelectric 
memory cell having a transistor and a ferroelectric 55 
capacitor; 

FIG. 52 is a sectional view of a completely metalized 
integrated circuit ferroelectric memory, in which the 



top electrode of the ferroelectric capacitor is com- 
pletely encapsulated according to the present in- 
vention; 

FIGS. 53-69 are sequential sectional views that il- 
lustrate an improved fabrication method for forming 
a first embodiment of a ferroelectric FET including 
at least two source/drain regions and a ferroelectric 
gate structure in which the ferroelectric gate struc- 
ture is encapsulated with a hydrogen-barrier cap 
layer distinct from the ferroelectric gate structure; 
FIGS. 70-77 are sequential sectional views that il- 
lustrate an improved fabrication method for forming 
a second embodiment of a ferroelectric FET includ- 
ing at least two source/drain regions and a ferroe- 
lectric gate structure in which a notched ferroelec- 
tric dielectric is formed on a substrate, a gate is 
formed in the notch of the ferroelectric dielectric, 
and source/drain regions are formed in the sub- 
strate; 

FIGS. 78-84 are sequential sectional views that il- 
lustrate an improved fabrication method for forming 
a third embodiment of a ferroelectric FET including 
at least two source/drain regions and a ferroelectric 
gate structure in which a first ferroelectric layer is 
formed over the substrate, a gate is formed on the 
first ferroelectric layer, a second ferroelectric layer 
is formed over the first ferroelectric layer and gate, 
the first and second ferroelectric layers are etched 
to define the lateral dimensions of the dielectric, and 
the second ferroelectric layer is etched to access 
the gate and 

FIGS. 85-89 are sequential sectional views that il- 
lustrate a method of protecting any ferroelectric de- 
vice resident on an integrated circuit from hydrogen 
damage, the method comprising the step of encap- 
sulating the ferroelectric device with a hydrogen- 
barrier cap layer distinct from the ferroelectric de- 
vice. 

DETAILED DESCRIPTION 
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electric layer 20 is subsequently deposited over the bot- 
tom electrode layer 1 8 to a thickness of about 3000 Ang- 
stroms. The material used in ferroelectric layer 20 is ide- 
ally doped or undoped PZT (lead zirconate titanate), 
SBT (strontium bismuth tantalate), or any other known 
ferroelectric material suitable for use in thin film form. 
After the ferroelectric layer 20 is deposited, a first anneal 
is performed. The first anneal includes a 650 °C heat 
treatment for about five seconds, followed by an 850 °C 
heat treatment for about five seconds. 

A platinum top electrode layer 22 is subsequently 
deposited over the first ferroelectric layer 20 to a thick- 
ness of about 1 750 Angstroms. The material used in top 
electrode layer 22 can be other than platinum as de- 
scribed above. Top electrode layer 22 is etched to form 
one or more top electrodes. Platinum is typically etched 
using a reactive-ion etch in an argon and chlorine at- 
mosphere, although other gases can be used. Ion mill- 
ing can be used as well as an alternative etching tech- 
nique. The dimensions of the individual top electrodes 
can modified as desired from nominal dimensions of 1 .5 
x 1 .5 microns, with a spacing of about three microns be- 
tween top electrodes. After the platinum top electrode 
layer 20 is etched to define the individual top electrodes, 
a second anneal is performed. The second anneal in- 
cludes a 650 °C heat treatment for about sixty minutes 
in an oxygen atmosphere. 

In FIG. 4, a second "cap" ferroelectric layer 30 about 
the same thickness (3000 Angstroms) as the first ferro- 
electric layer 20 is deposited over the first ferroelectric 
layer 20, thereby completely encapsulating the top elec- 
trodes 22. The material used in the second ferroelectric 
layer 30 is also ideally doped or undoped PZT (lead zir- 
conate titanate), SBT (strontium bismuth tantalate), or 
any other known ferroelectric material suitable for use 
in thin film form. The first and second ferroelectric layers 
need not be the same ferroelectric material, since the 
second layer is used for its resistance to hydrogen dif- 
fusion or hydrogen "gettering" properties and not spe- 
cifically for its ferroelectric properties. After the second 
ferroelectric layer 30 is deposited, an optional third an- 
neal can be performed. The optional third anneal in- 
cludes a 650 °C heat treatment for about sixty minutes 
in an oxygen atmosphere. 

In FIG. 5, the second ferroelectric layer 30 is etched 
according to the same etching method as set forth for 
the first ferroelectric layer 20. The second ferroelectric 
layer 30 is etched to leave a reasonable overlap of the 
top electrodes 22, about 1 .5 to 2.0 microns. 

In FIG. 6, the first ferroelectric layer 20 and the bot- 
tom electrode layer 1 8 are simultaneously etched to de- 
fine the dimensions of a bottom electrode. As can be 
seen in FIG. 6, one end of the bottom electrode 18 is 
etched to allow sufficient room for an eventual bottom 
electrode contact. The other end of bottom electrode 18 
is etched to the same dimensions as the second ferro- 
electric layer 30. The first ferroelectric layer 20 and the 
bottom electrode layer 18 are simultaneously etched us- 



ing a reactive-ion etch in an argon and carbon tetraflu- 
oride atmosphere, although other gases can be used. 
Ion milling can also be used as an alternative etching 
technique. After the first ferroelectric layer 20 and bot- 

s torn electrode layer 18 are etched, an optional first re- 
covery anneal can be performed. The optional first re- 
covery anneal includes a 550 °C heat treatment for 
about sixty minutes in an oxygen atmosphere. 

In FIG. 7, a PTEOS glass dielectric layer 24 is de- 

10 posited over the etched first ferroelectric and second fer- 
roelectric layers 20 and 30 to a thickness of about 5000 
Angstroms. Other dielectric layers can be used for die- 
lectric layer 24. 

In FIG. 8, contact holes are etched to provide ac- 

15 cess of the top and bottom electrodes 22 and 1 8. Con- 
tact hole 32 provides access to bottom electrode 1 8, and 
contact holes 34 provide access to top electrodes 22. 
Contact holes 34 are etched through the dielectric layer 
24 and the second ferroelectric layer 30 to allow metal- 

20 ization of the top electrodes Contact hole 32 is etched 
through the dielectric layer 24 and the first ferroelectric 
layer 20 to allow metalization of bottom electrode 18. 
Note that the contact holes 32 and 34 are ideally etched 
in two steps. The first etching step removes the dielectric 

25 layer 24 in the contact holes. The dielectric oxide mate- 
rial can be etched away using a fluorine-based wet or 
dry etch. It is desirable that a sloped profile is etched 
into the contact holes. After the dielectric oxide material 
is removed, the remaining ferroelectric material in the 

30 contact hole is etched away according to the ferroelec- 
tric etch described above Note in FIG. 8 that contact 
holes 32 and 34 are etched through about the same 
thickness of material, i.e. 5000 Angstroms of glass plus 
3000 Angstroms of ferroelectric material. Therefore, the 

35 etching of contact holes 32 and 34 can be performed 
simultaneously. After contact holes 32 and 34 are 
etched, an optional second recovery anneal can be per- 
formed. The optional second recovery anneal includes 
a 550 °C heat treatment for about sixty minutes in an 

40 oxygen atmosphere. 

In FIG. 9, contact holes 32 and 34 are metalized to 
provide electrical access to bottom electrode 18 and top 
electrodes 22. A titanium nitride local interconnect me- 
talization layer is deposited to a thickness of about 800 

45 Angstroms and etched to form a metal contact 36 for 
bottom electrode 18 and a metal contact 38 for each of 
the top electrodes 22. The full metalization scheme 
showing subsequent oxide and metalization layers for 
aferroelectric memory cell is shown in FIG. 52, although 

so other metalization schemes can be used. For example, 
atitanium layer about 1500 Angstroms thickfol lowed by 
an aluminum layer of about 8000 Angstroms thick can 
be used to form metal contacts 36 and 38. Other metal- 
ization techniques can be used as well after the titanium 

55 nitride layer has been deposited. 

A plan view of the capacitor structure described 
above with respect to FIGS. 3-9 is shown in FIG. 10. 
The bottom electrode 18 and first ferroelectric layer 20 
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are shown as coincident layers forming a first rectangle. 
A second, smaller rectangle is formed of the bottom 
electrode 1 8, the first ferroelectric layer 20, and the sec- 
ond ferroelectric layer 30. The contact holes to the bot- 
tom and top electrodes 32 and 34 are shown as circular 
features. The local interconnect metal contact straps 38 
that contact the top electrodes 22 are shown as individ- 
ual rectangles overlapping contact holes 34 and 40. 
Contact holes 40 are not shown in FIGS. 3-9 but repre- 
sent a contact to another structure such as the diffused 
region of a transistor as is shown in FIG. 52. 

Referring now to FIGS. 11-17, sequential sectional 
views of a second ferroelectric capacitor process suita- 
ble for use in a ferroelectric memory having decreased 
hydrogen sensitivity are shown. 

FIG. 11 is the same sectional view as FIG. 3, show- 
ing the sequential deposition of a thick glass layer 1 6, a 
bottom electrode layer 18, a first ferroelectric layer 20, 
and a top electrode layer 22 All of the thicknesses and 
materials described above are the same in FIG. 11 A 
first anneal can be performed after the first ferroelectric 
layer 18 is deposited. The platinum top electrode layer 
22 is etched to form individual top electrodes 22. A sec- 
ond anneal can be performed after the top electrodes 
22 are etched. 

In FIG. 12, the first ferroelectric layer 20 is etched 
with some lateral overlap of the etched top electrodes 
20. The bottom electrode layer 18 is etched to define 
the dimensions of a bottom electrode. As can be seen 
in FIG. 12, one end of the bottom electrode 18 is etched 
to allow sufficient room for the eventual bottom elec- 
trode contact. The other end of bottom electrode 18 is 
etched to the same dimensions as the first ferroelectric 
layer 20. The etching techniques for bottom electrode 
1 8 and first ferroelectric layer 20 are as described above 
with reference to FIGS. 3-1 1 . After the first ferroelectric 
layer 20 and bottom electrode layer 18 are etched, an 
optional first recovery anneal can be performed. The op- 
tional first recovery anneal includes a 550 °C heat treat- 
ment for about sixty minutes in an oxygen atmosphere. 

In FIG. 13, a second "cap" ferroelectric layer 30 
about the same thickness (3000 Angstroms) as the first 
ferroelectric layer 20 is deposited over the first ferroe- 
lectric layer 20, thereby completely encapsulating the 
top electrodes 22. After the second ferroelectric layer 
30 is deposited, an optional third anneal can be per- 
formed. The optional third anneal includes a 650 °C heat 
treatment for about sixty minutes in an oxygen atmos- 
phere. 

In FIG. 14, the second ferroelectric layer 30 is 
etched according to the same etching method as set 
forth for the first ferroelectric layer 20. The second fer- 
roelectric layer 30 is etched to leave a reasonable over- 
lap of the bottom electrode 1 8, about 1 .5 to 2.0 microns. 
After the second ferroelectric layer 30 is etched, an op- 
tional second recovery anneal can be performed. 

In FIG. 15, a PTEOS glass dielectric layer 24 is de- 
posited over the etched second ferroelectric layers 30 



to a thickness of about 5000 Angstroms. 

In FIG. 16, contact holes are etched to provide ac- 
cess of the top and bottom electrodes 22 and 18. Con- 
tact hole 32 provides access to bottom electrode 1 8, and 
s contact holes 34 provide access to top electrodes 22. 
Note that in FIG. 16, both contact holes 34 and 36 are 
etched through the dielectric layer 24 and the second 
ferroelectric layer 30 to allow metalization of the top and 
bottom electrodes. The thickness of contact holes 34 
10 and 36 is the same since they are etched through the 
same thickness of material. Contact holes 32 and 34 are 
ideally simultaneously etched in two steps to remove the 
dielectric oxide material and then the remaining ferroe- 
lectric material. The type of etch used in the same as 
is described with reference to FIG. 8. After contact holes 
32 and 34 are etched, an optional second recovery an- 
neal can be performed. 

In FIG. 17, contact holes 32 and 34 are metalized 
to provide electrical access to bottom electrode 18 and 
20 lop electrodes 22 A titanium nitride local interconnect 
metalization layer is deposited to a thickness of about 
800 Angstroms and etched to form a metal contact 36 
for bottom electrode 1 8 and a metal contact 38 for each 
of the top electrodes 22. The full metalization scheme 
25 showing subsequent oxide and metalization layers for 
aferroelectric memory cell is shown in FIG. 52, although 
other metalization schemes can be used. 

A plan view of the capacitor structure described 
above with respect to FIGS. 11-17 is shown in FIG. 18. 
30 The bottom electrode 18 is shown as forming a first rec- 
tangle. A second, smaller rectangle is formed of the bot- 
tom electrode 1 8 and the first ferroelectric layer 20. The 
second ferroelectric layer 30 is shown as a dashed rec- 
tangle overlapping the bottom electrode 18. The contact 
35 holes to the bottom and top electrodes 32 and 34 are 
shown as circular features. The local interconnect metal 
contact straps 38 that contact the top electrodes 22 are 
shown as individual rectangles overlapping contact 
holes 34 and 40. Contact holes 40 are not shown in 
40 FIGS. 11 -17 but represent a contact to another structure 
such as the diffused region of a transistor as is shown 
in FIG. 52. 

Referring now to FIGS. 19-24, sequential sectional 
views of a third ferroelectric capacitor process suitable 
45 for use in a ferroelectric memory having decreased hy- 
drogen sensitivity are shown. 

FIGS. 19-21 are identical to previously described 
FIGS. 11-13 both in sectional views, material, etching, 
and annealing steps. FIG. 19 shows a thick glass layer 
so 1 6, a bottom electrode layer 18, a first ferroelectric layer 
20, and a top electrode layer 22 formed in sequence, 
wherein the top electrode layer 22 is etched to form in- 
dividual top electrodes 22. FIG. 20 shows the etching of 
the first ferroelectric layer 20 and the etching of the bot- 
55 torn electrode layer 18 to form a bottom electrode In 
FIG. 21, a second "cap" ferroelectric layer 30 about the 
same thickness (3000 Angstroms) as the first ferroelec- 
tric layer 20 is deposited over the first ferroelectric layer 
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20, thereby completely encapsulating the top electrodes 
22. A first anneal is performed after the ferroelectric lay- 
er 20 is deposited, a second anneal is performed after 
the top electrode layer 22 is etched, and an optional third 
anneal is performed after the second ferroelectric layer 
30 is deposited. A optional first recovery anneal is per- 
formed after the first ferroelectric layer 20 and bottom 
electrode layer 18 have been etched. 

In FIG. 22, a PTEOS glass dielectric layer 24 is de- 
posited over the unetched second ferroelectric layer 30 
to a thickness of about 5000 Angstroms. 

In FIG. 23, contact holes are etched to provide ac- 
cess of the top and bottom electrodes 22 and 18. Con- 
tact hole 32 provides access to bottom electrode 1 8, and 
contact holes 34 provide access to top electrodes 22. 
Note that in FIG. 23, both contact holes 34 and 36 are 
etched through the dielectric layer 24 and the second 
ferroelectric layer 30 to allow metalization of the top and 
bottom electrodes. The thickness of contact holes 34 
and 36 is the same since they are etched through the 
same thickness of material. Contact holes 32 and 34 are 
ideally simultaneously etched in two steps to remove the 
dielectric oxide material and then the remaining ferroe- 
lectric material. The type of etch used in the same as 
described with reference to FIG. 8. A second optional 
recovery anneal can be performed after contact holes 
32 and 34 have been opened. 

In FIG. 24, contact holes 32 and 34 are metalized 
to provide electrical access to bottom electrode 18 and 
top electrodes 22. A titanium nitride local interconnect 
metalization layer is deposited to a thickness of about 
800 Angstroms and etched to form a metal contact 36 
for bottom electrode 1 8 and a metal contact 38 for each 
of the top electrodes 22. The full metalization scheme 
showing subsequent oxide and metalization layers for 
a ferroelectric memory cell is shown in FIG. 52, although 
other metalization schemes can be used. 

A plan view of the capacitor structure described 
above with respect to FIGS. 19-24 is shown in FIG. 25. 
The bottom electrode 1 8 is shown as forming a first rec- 
tangle. A second, smaller rectangle is formed of the bot- 
tom electrode 1 8 and the first ferroelectric layer 20. The 
second ferroelectric layer 30 is shown as a dashed rec- 
tangle overlapping the bottom electrode 18 by a wide 
margin. The wide margin shown is meant to convey the 
unetched, continuous extent of the second ferroelectric 
layer 30. The contact holes to the bottom and top elec- 
trodes 32 and 34 are shown as circular features. The 
local interconnect metal contact straps 38 that contact 
the top electrodes 22 are shown as individual rectangles 
overlapping contact holes 34 and 40. Contact holes 40 
are not shown in FIGS. 19-24 but represent a contact to 
another structure such as the diffused region of a tran- 
sistor as is shown in FIG. 52. 

Referring now to FIGS. 26-32, sequential sectional 
views of afourth ferroelectric capacitor process suitable 
for use in a ferroelectric memory having decreased hy- 
drogen sensitivity are shown. The fourth ferroelectric ca- 



pacitor process described below allows the thickness of 
the second ferroelectric layer 30 to be different from the 
first ferroelectric layer 20, if desired. 

FIG. 26 is the same as previously described FIGS. 

s 3, 11, and 19. A first anneal is performed after the first 
ferroelectric layer 20 is deposited, and a second anneal 
is performed after the top electrode layer 22 is etched. 

In FIG. 27, only the first ferroelectric layer 20 is 
etched to a reasonable overlap of the etched top elec- 

io trades 22. The bottom electrode layer 18 remains un- 
etched in FIG. 27. An optional first recovery anneal is 
performed after the first ferroelectric layer 20 is etched. 

In FIG. 28, a second "cap" ferroelectric layer 30' of 
a different thickness (less than or greater than 3000 
Angstroms) from the first ferroelectric layer 20 is depos- 
ited over the first ferroelectric layer 20, thereby com- 
pletely encapsulating the top electrodes 22. A less thick 
second ferroelectric layer 30' is desirable since less ma- 
terial is used, it is easier to etch, more planar, and for 

20 other processing reasons. However, if desired, the 
same or a thicker ferroelectric layer 30' can be used. 
The material used for the second ferroelectric layer 30' 
is the same as described above, and can be different 
than the material used in the first ferroelectric layer 20. 

25 An optional third anneal can be performed after the sec- 
ond ferroelectric layer 30' is deposited. 

In FIG. 29, the second ferroelectric layer 30' and the 
bottom electrode layer 18 are simultaneously etched to 
form a bottom electrode. After the bottom electrode lay- 

30 er 18 and second ferroelectric layer 30' have been 
etched, an optional second recovery anneal can be per- 
formed. 

In FIG. 30, a PTEOS glass dielectric layer 24 is de- 
posited over the etched second ferroelectric layer 30' to 

35 a thickness of about 5000 Angstroms. 

In FIG. 31 , contact holes are etched to provide ac- 
cess of the top and bottom electrodes 22 and 18. Con- 
tact hole 32 provides access to bottom electrode 1 8, and 
contact holes 34 provide access to top electrodes 22. 

40 Note that in FIG. 31 , both contact holes 34 and 36 are 
etched through the dielectric layer 24 and the second 
ferroelectric layer 30' to allow metalization of the top and 
bottom electrodes. The thickness of contact holes 34 
and 36 is the same since they are etched through the 

45 same thickness of material. Contact holes 32 and 34 are 
ideally simultaneously etched in two steps to remove the 
dielectric oxide material and then the remaining ferroe- 
lectric material. The type of etch used in the same as 
described with reference to FIG. 8. After contact holes 

so 32 and 34 have been etched, an optional third recovery 
anneal can be performed. 

In FIG. 32, contact holes 32 and 34 are metalized 
to provide electrical access to bottom electrode 18 and 
top electrodes 22. The full metalization scheme showing 

55 subsequent oxide and metalization layers for a ferroe- 
lectric memory cell is shown in FIG. 52, although other 
metalization schemes can be used. 

A plan view of the capacitor structure described 
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above with respect to FIGS. 26-32 is not shown, but is 
similar to the plan view shown in FIG. 18. The one dif- 
ference is that the second ferroelectric layer 30' does 
not overlap the bottom electrode 1 8, but is coincident 
thereto. 

Referring now to FIGS. 33-41, sequential sectional 
views of a fifth ferroelectric capacitor process suitable 
for use in a ferroelectric memory having decreased hy- 
drogen sensitivity are shown. 

In FIG. 33, a layer 16 of BPSG glass about 7000 
Angstroms thick is deposited onto a silicon or other sub- 
strate (not shown). A platinum bottom electrode layer 
1 8 is subsequently deposited over BPSG glass layer 1 6 
to a thickness of about 1750 Angstroms. The bottom 
electrode layer 18 also includes a titanium adhesion lay- 
er about 200 Angstroms thick to facilitate the adhesion 
of the platinum bottom electrode layer 18 to BPSG glass 
layer 1 6. A ferroelectric layer 20 is subsequently depos- 
ited over the bottom electrode layer 1 8 to a thickness of 
about 3000 Angstroms. The material used in ferroelec- 
tric layer 20 is ideally doped or undoped PZT (lead zir- 
conate titanate), SBT (strontium bismuth tantalate), or 
any other known ferroelectric material suitable for use 
in thin film form. 

In FIG. 34 the ferroelectric layer 20 is partially 
etched to form one or more indentations 42. Indenta- 
tions 42 should be etched to a sufficient depth to com- 
pletely receive the top electrodes as is explained in fur- 
ther detail below. The etching technique used is the 
same reactive-ion etch used in etching the ferroelectric 
layers. After the ferroelectric layer 20 is partially etched, 
a first anneal is performed. The first anneal includes a 
650 °C heat treatment for about five seconds, followed 
by an 850 °C heat treatment for about five seconds. 

In FIG. 35, a platinum top electrode layer 22 is sub- 
sequently deposited over the ferroelectric layer 20 to a 
thickness of about 1750 Angstroms. The top electrode 
layer 22 is conformal and thus fills in each of the inden- 
tations 42. 

In FIG. 36, the top electrode layer 22 is etched away 
to form one or more top electrodes in indentations 42. 
Platinum is typically etched using a reactive-ion etch in 
an argon and chlorine atmosphere. Alternative etching 
techniques include ion milling or chemical mechanical 
polishing (CMP). The dimensions of the individual top 
electrodes can modified as desired from nominal dimen- 
sions of 1 .5 x 1 .5 microns, with a spacing of about three 
microns between top electrodes. After the platinum top 
electrode layer 20 is etched to define the individual top 
electrodes, a second anneal is performed. The second 
anneal includes a 650 °C heat treatment for about sixty 
minutes in an oxygen atmosphere. 

In FIG. 37, the ferroelectric layer 20 is etched to 
leave a reasonable lateral overlap of the top electrodes 
22. 

In FIG. 38, the bottom electrode layer 18 is etched 
to define the dimensions of a bottom electrode. As can 
be seen in FIG. 38, one end of the bottom electrode 18 



is etched to allow room for an eventual bottom electrode 
contact. The other end of bottom electrode 1 8 is etched 
to the same dimensions as the second ferroelectric layer 
30. The bottom electrode layer 18 is etched using a re- 
s active-ion etch in an argon and chlorine atmosphere. Af- 
ter the bottom electrode layer 18 is etched, an optional 
first recovery anneal can be performed. The optional 
first recovery anneal includes a 550 °C heat treatment 
for about sixty minutes in an oxygen atmosphere. 
10 In FIG. 39, a PTEOS glass dielectric layer 24 is de- 
posited over the etched ferroelectric layer 20 to a thick- 
ness of about 5000 Angstroms. 

In FIG. 40, contact holes are etched to provide ac- 
cess of the top and bottom electrodes 22 and 18. Con- 
's tact hole 32 provides access to bottom electrode 1 8, and 
contact holes 34 provide access to top electrodes 22. 
Contact holes 34 and 32 are etched through the dielec- 
tric layer 24 to allow metalization of the top electrodes 
and bottom electrodes 22 and 18. Note that the contact 
20 holes 32 and 34 are etched in a single etching step. The 
dielectric oxide material can be etched away using a flu- 
orine-based wet or dry etch. It is desirable that a sloped 
profile is etched into the contact holes. Note in FIG. 40 
that contact holes 32 and 34 are etched through about 
25 the same thickness of material, i.e. 5000 Angstroms of 
glass dielectric layer 24. A second optional recovery an- 
neal can be performed after contact holes 32 and 34 are 
opened as previously described. 

In FIG. 41 , contact holes 32 and 34 are metalized 
30 to provide electrical access to bottom electrode 1 8 and 
top electrodes 22 as previously described above. 

A pian view of the capacitor structure described 
above with respect to FIGS. 33-41 is similar to that 
shown in FIG. 10. The only difference is that there is no 
35 second level of ferroelectric material 30. The contours 
of the plan view, however, are the same. 

Referring now to FIGS. 42-50, sequential sectional 
views of a sixth ferroelectric capacitor process suitable 
for use in a ferroelectric memory having decreased hy- 
40 drogen sensitivity are shown. 

In FIG. 42, a layer 16 of BPSG glass about 7000 
Angstroms thick is deposited onto a silicon or other sub- 
strate (not shown). A platinum bottom electrode layer 
1 8 is subsequently deposited over BPSG glass layer 1 6 
45 to a thickness of about 1750 Angstroms. The bottom 
electrode layer 1 8 also includes a titanium adhesion lay- 
er about 200 Angstroms thick to facilitate the adhesion 
of the platinum bottom electrode layer 18 to BPSG glass 
layer 16. 

so in FIG. 43, bottom electrode layer 18 is etched to 
form a bottom electrode. 

In FIG. 44, A ferroelectric layer 20 is subsequently 
deposited over the bottom electrode 18 to a thickness 
of about 3000 Angstroms. The material used in ferroe- 
55 lectric layer 20 is ideally doped or undoped PZT (lead 
zirconate titanate), SBT (strontium bismuth tantalate), 
or any other known ferroelectric material suitable for use 
in thin film form. 
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In FIG. 45 the ferroelectric layer 20 is partially 
etched to form one or more indentations 42. Indenta- 
tions 42 should be etched to a sufficient depth to com- 
pletely receive the top electrodes as is explained in fur- 
ther detail below. The etching technique used is the 
same reactive-ion etch used in etching the ferroelectric 
layers. After the ferroelectric layer 20 is partially etched, 
a first anneal is performed. The first anneal includes a 
650 °C heat treatment for about five seconds, followed 
by an 850 °C heat treatment for about five seconds. 

In FIG. 46, a platinum top electrode layer 22 is sub- 
sequently deposited over the ferroelectric layer 20 to a 
thickness of about 1750 Angstroms. The top electrode 
layer 22 is conformal and thus fills in each of the inden- 
tations 42. 

In FIG. 47, the top electrode layer 22 is etched away 
to form one or more top electrodes in indentations 42. 
Platinum is typically etched using a reactive-ion etch in 
an argon and chlorine atmosphere. The dimensions of 
the individual top electrodes can modified as desired 
from nominal dimensions of 1.5 x 15 microns, with a 
spacing of about three microns between top electrodes. 
After the platinum top electrode layer 20 is etched to 
define the individual top electrodes, a second anneal is 
performed. The second anneal includes a 650 °C heat 
treatment for about sixty minutes in an oxygen atmos- 
phere. 

In FIG. 48, a PTEOS glass dielectric layer 24 is de- 
posited over the etched ferroelectric layer 20 to a thick- 
ness of about 5000 Angstroms. 

In FIG. 49, contact holes are etched to provide ac- 
cess of the top and bottom electrodes 22 and 18. Con- 
tact hole 32 provides access to bottom electrode 1 8, and 
contact holes 34 provide access to top electrodes 22. 
Contact holes 34 are etched through the dielectric layer 
24 to allow metalization of the top electrodes 22. Contact 
hole 32, however is etched through dielectric layer 24 
as well as ferroelectric layer 20. Note, therefore, that 
contact holes 32 and 34 are etched in two separate etch- 
ing steps. The dielectric oxide material can be etched 
away using a fluorine-based wet or dry etch. The ferro- 
electric material is etched used a reactive-ion etch. It is 
desirable that a sloped profile is etched into the contact 
holes. An optional recovery anneal can be performed at 
this point in the process. 

In FIG. 50, contact holes 32 and 34 are metalized 
to provide electrical access to bottom electrode 18 and 
top electrodes 22 as previously described above. 

A plan view of the capacitor structure described 
above with respect to FIGS. 42-50 is similar to that 
shown in FIG. 25. The differences are that there is no 
second level of ferroelectric material 30, and the contour 
for ferroelectric material 20 should be removed. 

Referring now to FIG. 51 , a schematic diagram for 
a typical non-volatile ferroelectric memory is shown hav- 
ing a transistor 52 coupled to a ferroelectric capacitor 
54. The configuration in FIG. 51 is known as a one-tran- 
sistor, one-capacitor ferroelectric memory cell or "1T/ 



1 C" cell. One current node of the transistor 52 forms the 
bit line of the cell, and is designated 14, 46, 48 to cor- 
respond to regions in the integrated cell shown below in 
FIG. 52. The other current node of transistor 52 is cou- 

s pled to ferroelectric capacitor 54 at node 56. The gate 
1 5 of transistor 52 forms the word line of the memory 
cell. One end of capacitor 54 is coupled to transistor 52 
at node 56, and the other end of capacitor 54 forms the 
plate line of the memory cell. The plate line node is des- 

10 ignated 18, 36, 48 to correspond to regions in the inte- 
grated cell shown below in FIG. 52. 

Referring now to FIG. 52, a sectional view of a com- 
pletely metalized integrated circuit ferroelectric memory 
cell having a bit line, a word line, and a plate line is 

is shown. The memory cell includes a silicon substrate or 
epitaxial region 12, and a transistor formed in the sub- 
strate 12 including first and second diffused regions 14, 
a thin gate oxide 13, and a gate 15 forming the word 
line. A thick oxide layer 16 is formed on the substrate 

20 12 including contact holes to allow metalization of the 
first and second diffused regions 14. Note that in FIG. 
52, the exact sequence for forming each of the various 
layers and contact holes within each layer is not fully 
described; the contact holes may actually be formed at 

2S a subsequent processing step. A ferroelectric capacitor 
is subsequently formed on the thick oxide layer 16, in- 
cluding a bottom electrode 18, a ferroelectric layer 20 + 
30, and a top electrode 22, wherein the ferroelectric lay- 
er 20 + 30 either partially or completely encapsulates 

30 the top electrode 22. The ferroelectric layer 20 + 30 in- 
cludes a contact hole to allow metalization of the top 
electrode 22 

A first dielectric layer 24 is formed over the thick ox- 
ide layer 16 and the ferroelectric capacitor including 

35 contact holes to allow metalization of the first and sec- 
ond diffused regions 1 4, and the top and bottom elec- 
trodes 22 and 18 of the ferroelectric capacitor. A first 
patterned metalization layer 36, 38, 46 is deposited for 
contacting the first diffused region 1 4 with metal contact 

40 46, for forming a local interconnect 38 between the top 
electrode 22 and the second diffused region 1 4, and for 
metalizing the bottom electrode 36 with metal contact 
36. 

A second dielectric layer 44 is formed over the first 
45 metalization layer 36, 38, 46 including contact holes to 
allow metalization of the first diffused region 1 4 and the 
bottom electrode 36. A second patterned metalization 
layer 48 contacts the first diffused region 14 and forms 
the bit line of the memory cell, and contacts the bottom 
50 electrode 18 to form the plate line of the memory cell. 
Finally, a passivation layer 50 is formed over the second 
metalization layer 48. 

Although the first and second dielectric layers 24 
and 44 are typically thin doped or undoped oxide layers, 
55 if greater resistance to hydrogen diffusion is required 
these layers can also be made of ferroelectric materials 
such as PZT or SBT Still further, the passivation layer 
50, while typically formed of silicon nitride or the like, 
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can also be made from ferroelectric materials such as 
PZT or SBT. All three layers mentioned above can be 
fabricated of the same or different ferroelectric materials 
as desired, and not necessarily the same material as 
used in the ferroelectric layer of the ferroelectric capac- 
itor. Further teachings regarding ferroelectric material 
passivation can be found in US Patent No. 5,438,023 
entitled "Passivation Method and Structure for a Ferro- 
electric Integrated Circuit using Hard Ceramic Materials 
or the Like", which is assigned to the assignee of the 
present invention, Ramtron International Corporation. 
While extra care can be taken to even further reduce 
sensitivity to hydrogen, these steps may increase fabri- 
cation costs and complexity. 

Ferroelectric Field-Effect Transistor ("FET") 

Ferroelectric FETs, sometimes referred to as "MFS- 
FETS", which stands for "Metal-Ferroelectric-Semicon- 
ductor Field-Effect Transistors", have been proposed as 
a memory element for a ferroelectric memory device. 
The ferroelectric FET is similar to a standard MOSFET, 
with the exception that the silicon dioxide gate dielectric 
layer is replaced with a ferroelectric gate dielectric layer. 
It is postulated that the ferroelectric FET could be an 
alternative to 1T-1C or 2T-2C memory cells in which 
separate switching devices and ferroelectric capacitors 
are used. 

In operation, polarization of the ferroelectric gate di- 
electric layer induces either accumulation or depletion/ 
inversion of the channel underneath the gate region. 
Therefore, the ferroelectric FET is either off or on de- 
pending upon the ferroelectric polarization state and can 
thus be used as a memory element. 

Ferroelectric FETs are deemed to be a good alter- 
native to standard ferroelectric memory cells since the 
read/write mechanism is nondestructive and the cell 
size of a single ferroelectric FET is small. To date, how- 
ever, the problems inherent in the processing of ferroe- 
lectric FETs has prevented their widespread adoption. 
One problem with ferroelectric FETs is interdiffusion at 
the interface between the ferroelectric gate dielectric 
layer and the semiconductor layer where the channel is 
formed during deposition and/or during subsequent an- 
neal cycles. Another problem of ferroelectric FETs is the 
degradation of the ferroelectric gate dielectric layer dur- 
ing subsequent processing steps. Once interdiffusion 
takes place a combination of two series capacitors is 
actually formed. A first capacitor is ferroelectric, but the 
second capacitor is non-ferroelectric and actually ab- 
sorbs most of the applied external voltage. This results 
in a marked reduction in electrical performance and can- 
not be cured by subsequent thermal annealing. 

FIGS. 53-69 illustrate an improved fabrication 
method for forming a first embodiment of a ferroelectric 
FET including at least two source/drain regions and a 
ferroelectric gate structure in which the ferroelectric gate 
structure is encapsulated with a hydrogen-barrier cap 



layer distinct from the ferroelectric gate structure. The 
hydrogen-barrier cap layer both prevents degradation 
from hydrogen due to subsequent processing steps and 
minimizes or eliminates the need for subsequent recov- 

s ery anneals. As a consequence, interdiffusion between 
the ferroelectric gate layer and the semiconductor re- 
gion is also minimized. 

Referring now to FIG. 53 a silicon or other semicon- 
ductor substrate or epitaxial layer 100 is shown in which 

10 the source/drain regions for the ferroelectric transistors 
are formed. 

In FIG. 54, diffused regions such as an N-well 102 
and P-well 1 04 are diffused into the semiconductor sub- 
strate 100. 

is In FIG. 55, field-oxide regions 106, 108, and 110 are 
thermally grown to a thickness of about 1 u,m to electri- 
cally isolate wells 102 and 104. 

In FIG. 56, three layers are formed. A ferroelectric 
gate dielectric layer 112 is formed to a thickness of about 

20 500 to 5000 Angstroms. The ferroelectric layer 1 1 2 can 
be formed of any well known ferroelectric composition 
such as doped or undoped PZT (lead zirconate titanate), 
SBT (strontium bismuth titanate), BST (barium stron- 
tium titanate), or the like. Next, a polysilicon gate layer 

2S 114 is formed to a thickness of about 500 to 5000 Ang- 
stroms. Finally, a "hard mask" silicon dioxide layer 116 
is formed at a nominal thickness of about 3000 Ang- 
stroms. 

In FIG. 57, the surface of layer 1 1 6 is patterned, and 

30 layers 112, 114, and 116 are etched using the combina- 
tion of a wet and reactive-ion etch ("RIE"). After the etch 
step is completed, the gate structure 112A and 114A, 
together with the remnant of the hard mask layer 116A 
is formed for afirst P-channel ferroelectric FET. The gate 

3S structure 112B and 114B, together with the remnant of 
the hard mask layer 116B is also formed for a second 
N-channel ferroelectric FET. Note in FIG. 57 that the fer- 
roelectric gate structure including ferroelectric dielectric 
layers 112A and 112B and polysilicon gates 114A and 

40 1 1 4B are formed directly on silicon substrate 1 00, which 
will include the source/drain regions. 

In FIG. 58, the source/drain regions of appropriate 
polarity for the transistors are implanted, masked by ox- 
ide regions 106, 108, and 110, and hard mask layers 

45 116A and 116B. Source/drain regions 118A and 118B 
are ideally heavily P-doped to form a P-channel ferroe- 
lectric FET, whereas source/drain regions 120A and 
120B are ideally heavily N-doped to form an N-channel 
ferroelectric FET. 

so in FIG. 59, the remnants 11 6A and 116Bof the hard 
mask layer 116 are removed by etching. 

In FIG. 60 a cap layer 122 is deposited over the en- 
tire surface of the ferroelectric transistors including the 
source/drain and oxide regions to a thickness of about 

ss 500 to 5000 Angstroms. The material used for the cap 
layer 122 can be a standard ferroelectric material as re- 
ferred to above for the ferroelectric gate dielectric layer 
112, i.e. doped or undoped PZT, SBT, BST, or other 



10 



19 



EP 0 837 504 A2 



20 



known ferroelectric material. In addition, cap layer 122 
can be a ferroelectric or non-ferroelectdc ceramic ma- 
terial selected from a group consisting of doped and un- 
doped nitrides, titanates, zirconates, niobates, tanta- 
lates, stanates, hafnates, and manganates. 

In FIG. 61 cap layer 122 is RIE etched over the 
source/drain regions to form encapsulating layers 122A 
and 122B Note that layers 122Aand 122B completely 
encapsulate the ferroelectric gate structures of the re- 
spective ferroelectric FETs. 

In FIG. 62 a thin silicon oxi-nitride layer 124 is 
formed over the encapsulated ferroelectric FETs to a 
nominal thickness of about 2000 Angstroms. 

In FIG. 63 a thick oxide layer 126 is formed over 
layer 124 to a thickness of about 4000 to 5000 Ang- 
stroms. 

In FIG. 64 the thick oxide layer 126 is planarized to 
form planarized oxide layer 126'. 

For purposes of clarity in showing subsequent me- 
tal ization steps, FIG. 65 shows an expanded view of the 
left half of FIG. 64, i.e. the P-channel ferroelectric tran- 
sistor formed in N-well 102. 

In FIG. 66vias 128 and 1 32 are formed through the 
planarized oxide layer 126' and the thin oxi-nitride layer 
124 to provide access to the source/drain regions 118A 
and 118ES. A via 130 is also formed through the 
planarized oxide layer 1 26', the thin oxi-nitride layer 1 24, 
and the cap layer to provide access to the ferroelectric 
gate structure, including gate 114A. 

A method of metalizing the source/drain regions 
118A and 118B as well as the gate 114A is shown in 
FIGS. 67-69. In FIG. 67, a tungsten layer 1 34 is formed 
of sufficient thickness to completely fill vias 128, 130, 
and 1 32 shown in FIG. 66. In FIG. 68, the tungsten layer 
1 34 is etched away to the surface of the planarized oxide 
layer 1 26' to form tungsten plugs 1 34A, 1 34B, and 1 34C. 
Tungsten plugs 134A and 134C provide electrical con- 
tact to the source/drain regions, and tungsten plug 134B 
provides electric contact to gate 114A. In FIG. 69 a con- 
ventional aluminum or other metal layer 1 36 (not shown) 
is patterned and etched to form metal regions 136A, 
1 36B, and 1 36C that are in electrical contact with tung- 
sten plugs 134A, 134B, and 134C, respectively 

FIGS. 70-77 illustrate an improved fabrication 
method for forming a second embodiment of a ferroe- 
lectric FET including at least two source/drain regions 
and a ferroelectric gate structure in which a notched fer- 
roelectric dielectric is formed on a substrate, a gate is 
formed in the notch of the ferroelectric dielectric, and 
source/drain regions are formed in the substrate. 

Referring now to FIG. 70, a portion of a partially- 
fabricated ferroelectric FET is shown including silicon or 
other semiconductor substrate 100, N-well or P-well 
102, thick field oxide layers 106 and 108, and a ferroe- 
lectric layer 112 formed to a thickness of about 200 to 
5000 Angstroms. Ferroelectric layer 1 1 2 can be any fer- 
roelectric material as described in detail above. 

In FIG. 71 , the result of two etching steps is shown. 



A first etching step etches ferroelectric layer 112 to form 
the lateral dimension of the ferroelectric dielectric layer 
used in the gate structure of the ferroelectric FET. A sec- 
ond etching step etches the upper surface of the ferro- 
s electric dielectric 112 to form a notch 111. The ferroe- 
lectric dielectric region 112 underneath the notch 111 is 
etched to a thickness of about 50 to 2000 Angstroms, 
depending upon the initial thickness of ferroelectric layer 
112. 

10 In FIG. 72, a gate layer 1 33 is formed over the par- 
tially formed transistor. Gate layer 133 can be polysili- 
con, platinum, iridium, or any other suitable electrode 
material. Gate layer 133 is deposited to a thickness of 
about 300 to 5000 Angstroms, sufficient to fill notch 111. 

is in FIG. 73, gate layer 133 is completely etched 
away to form a gate 1 33. Note that gate 1 33 fills former 
notch 111 and is completely surrounded on three sides 
by the ferroelectric dielectric layer 112. Note also that 
the active portion of the gate dielectric immediately be- 

20 low gate 133 is completely surrounded and thus protect- 
ed from hydrogen exposure and corresponding degra- 
dation in electrical performance. 

In FIG. 74, source/drain regions 118A and 118Bof 
appropriate polarity are formed. 

25 In FIG. 75, an oxide layer 126 is formed and 
planarized. 

In FIG . 76, vias are etched into oxide layer 1 26. Vias 
128 and 132 provide access to source/drain regions 
118A and 118B, and via 130 provides access to gate 
30 1 33. 

In FIG. 77, a tungsten layer 134 (not shown) has 
been formed and etched lo create lungsten plugs 1 34A, 
134B, and 134C, which are in electrical contact with 
source/drain region 11BA, gate 133, and source/drain 

3S region 118B, respectively. Also shown in FIG. 77 are 
etched aluminum or other metal regions 136A, 136B, 
and 136C that are in electrical contact with tungsten 
plugs 134A, 134B, and 134C, respectively. 

FIGS. 78-84 illustrate an improved fabrication 

40 method for forming a third embodiment of a ferroelectric 
FET including at least two source/drain regions and a 
ferroelectric gate structure in which a first ferroelectric 
layer is formed over the substrate, a gate is formed on 
the first ferroelectric layer, a second ferroelectric layer 

45 is formed over the first ferroelectric layer and gate, the 
first and second ferroelectric layers are etched to define 
the lateral dimensions of the dielectric, and the second 
ferroelectric layer is etched to access the gate. 

Referring now to FIG. 78, a portion of a partially- 

50 fabricated ferroelectric FET is shown including silicon or 
other semiconductor substrate 100, N-well or P-well 
102, thick field oxide layers 106 and 108, and a ferroe- 
lectric layer 112 formed to a thickness of about 50 to 
2000 Angstroms thick. Ferroelectric layer 112 can be 

55 any ferroelectric material as described in detail above. 

In FIG. 79, a gate layer is etched to form gate 133 
as shown sized slightly less than the lateral dimension 
of the ferroelectric dielectric layer used in the gatestruc- 
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ture of the ferroelectric FET. The thickness and material 
for gate 1 33 is as described in detail above. 

In FIG. 80, a cap layer 113 is formed over gate 133 
and the first ferroelectric layer 112. The cap layer 113 
can be any doped or undoped ferroelectric material such 
as PZT, SBT, and BST, or other known ferroelectric ma- 
terials. In addition, the cap layer 113 can be a ceramic 
material selected from a group consisting of doped and 
undoped nitrides, titanates, zirconates, niobates, tanta- 
lates, stanates, hafnates, and manganates, and can be 
either ferroelectric or non-ferroelectric. 

In FIG. 81, layers 112 and 113 are etched to define 
the lateral dimensions of the ferroelectric gate structure, 
and to surround gate 1 33 on three sides. Note also that 
the active portion of ferroelectric dielectric layer 112 is 
completely surrounded and thus protected from hydro- 
gen degradation. Also shown in FIG. 74 is the formation 
of the source/drain regions 118A and 118B. 

In FIG. 82, an oxide layer 126 is formed and 
planarized. 

In FIG. 83, viasare etched into oxide layer 126. Vias 
128 and 132 provide access to source/drain regions 
118A and 11 SB, and via 130 provides access to gate 
133. 

In FIG. 84, a tungsten layer 134 (not shown) has 
been formed and etched to create tungsten plugs 1 34A, 
134B, and 134C, which are in electrical contact with 
source/drain region 118A, gate 133, and source/drain 
region 118B, respectively. Also shown in FIG. 84 are 
etched aluminum or other metal regions 136A, 136B, 
and 136C that are in electrical contact with tungsten 
plugs 134A, 134B, and 134C, respectively. 

Other Ferroelectric Devices 

FIGS. 85-89 illustrate a method of protecting any 
ferroelectric device resident on an integrated circuit from 
hydrogen damage, the method comprising the step of 
encapsulating the ferroelectric device with a hydrogen- 
barrier cap layer distinct from the ferroelectric device. 

Referring now to FIG. 85, a semiconductor or other 
substrate 100 is shown. A ferroelectric device 140 is 
shown having first and second metal contacts 142 and 
144. Although only two contacts are shown, any number 
can be used. Ferroelectric device 140 can be an inte- 
grated or bulk capacitor, transistor, sensor, or any other 
device containing a ferroelectric material that can be 
damaged in subsequent semiconductor processing 
steps. 

In FIG. 86, ferroelectric device 140 including con- 
tacts 142 and 144 is covered with a cap layer 122. Cap 
layer 122 can be formed of a ferroelectric material in- 
cluding doped and undoped PZT, BST, and SBT, or other 
known ferroelectric materials. Cap layer 122 can also 
be a ferroelectric or non-ferroelectric ceramic material 
selected from a group consisting of doped and undoped 
nitrides, titanates, zirconates, niobates, tantalates, 
stanates, hafnates, and manganates. The thickness of 



layer 122 is determined by the dimensions of ferroelec- 
tric device 140 and other processing constraints. While 
nominal levels can be similar to those described in this 
disclosure, other thicker layers can be used if desired. 
s In FIG. 87, cap layer 122 is etched to completely 
encapsulate ferroelectric device 1 40 and to provide vias 
146 and 148 to access metal contacts 142 and 144. 

In FIG. 88, metal contacts 142 and 144 are metal- 
ized with aluminum or other known metalization materi- 
10 als to provide electrical contact to other portions of the 
integrated circuit. 

In FIG. 89, an oxide layer or passivation layer 126 
is formed and, if desired, planarized. 

Having described and illustrated the principles of 
the invention in a preferred embodiment thereof, it is ap- 
preciated by those having skill in the art that the inven- 
tion can be modified in arrangement and detail without 
departing from such principles. For example, the follow- 
ing aspects of the semiconductor processes described 
20 herein can be changed as required: the types of dielec- 
tric materials; the thicknesses of the various layers; the 
types of ferroelectric materials; the etching processes; 
the electrode materials; and the anneal temperatures, 
durations, and numbers. Also, the specific application 
2S of the ferroelectric capacitor of the present invention is 
not limited to ferroelectric memory cells, although it is 
ideally suited to that application. We therefore claim all 
modifications and variation coming within the spirit and 
scope of the following claims. 



Claims 

1 . A ferroelectric capacitor comprising: 

36 

a bottom electrode; 
a top electrode; and 

a ferroelectric layer between the top and bottom 
electrodes extending to completely encapsu- 
40 late the top electrode, except for a contact hole 

to allow metalization of the top electrode. 

2. A ferroelectric capacitor as in claim 1 in which the 
ferroelectric layer comprises a first layer between 

45 the electrodes and a second layer over the top elec- 
trode, wherein the thickness of the first layer is ap- 
proximately the same as the thickness of the sec- 
ond layer. 

so 3. A ferroelectric capacitor comprising: 
a bottom electrode; 

a ferroelectric layer formed on the bottom elec- 
trode, the ferroelectric layer including a partially 
55 etched indentation; 

a top electrode formed in the partially etched 
indentation; and 

a dielectric layer formed over the ferroelectric 
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layer including a contact hole to allow metaliza- 
tion of the top electrode. 

4. A ferroelectric capacitor as in any one of claims 1 

to 3 in which the ferroelectric layer comprises PZT. s 

5. A ferroelectric capacitor as in any one of claims 1 
to 4 in which the ferroelectric layer comprises SBT. 

6. A ferroelectric capacitor as in claim 3 in which the to 
dielectric layer comprises an oxide layer. 13. 

7. A ferroelectric capacitor as in claim 3 in which the 
dielectric layer comprises a ferroelectric layer. 

is 

8. A ferroelectric capacitor comprising: 

a first electrode, a second electrode, and a 
ferroelectric layer between the first and second 
electrodes wherein the first electrode is at least par- 
tially encapsulated by ferroelectric material so that 20 
at least two faces of the first electrode are covered 
by ferroelectric material. 

9. A method of fabricating a ferroelectric capacitor 
comprising the steps of forming afirst electrode and 25 
a second electrode, and a ferroelectric layer be- 
tween the first and second electrodes wherein the 

first electrode is at least partially encapsulated by 14. 
ferroelectric material so that at least two faces of 
the first electrode are covered by ferroelectric ma- 30 
terial. 

1 0. The method of claim 9 comprising the steps of form- 
ing an unencapsulated ferroelectric capacitor and 
extending the ferroelectric layer to wholly encapsu- 35 
late the first electrode by ferroelectric material. 

11. The fabrication method of claim 10 comprising the 
steps of: 

40 

forming an unencapsulated ferroelectric capac- 
itor including a bottom electrode, a top elec- 
trode, and a ferroelectric layer between the top 15. 
and bottom electrodes; 

extending the ferroelectric layer to completely 45 
encapsulate the top electrode such that the op- 
posite state charge relative to the opposite 
state charge of the unencapsulated ferroelec- 
tric capacitor is increased; and 
forming a contact hole to allow metalization of so 
the top electrode. 

12. The fabrication method of claim 10 comprising the 
steps of: 

55 

forming an unencapsulated ferroelectric capac- 
itor including a bottom electrode, a top elec- 
trode, and a ferroelectric layer between the top 



and bottom electrodes; 

extending the ferroelectric layer to completely 
encapsulate the top electrode such that the op- 
posite state charge aging rate relative to the op- 
posite state charge aging rate of the unencap- 
sulated ferroelectric capacitor is decreased; 
and 

forming a contact hole to allow metalization of 
the top electrode. 

The fabrication method of claim 10 comprising the 
steps of: 

forming an unencapsulated ferroelectric capac- 
itor including a bottom electrode, a top elec- 
trode, and a ferroelectric layer between the top 
and bottom electrodes; 

extending the ferroelectric layer to completely 
encapsulate the top electrode such that the 
voltage at which the switched charge reaches 
about 90% of its final value relative to the volt- 
age at which the switched charge reaches 
about 90% of its final value of the unencapsu- 
lated ferroelectric capacitor is decreased; and 
forming a contact hole to allow metalization of 
the top electrode. 

The fabrication method of claim 10 comprising the 
steps of: 

forming an unencapsulated ferroelectric capac- 
itor including a bottom electrode, a top elec- 
trode, and a ferroelectric layer between the top 
and bottom electrodes: 

extending the ferroelectric layer to completely 
encapsulate the top electrode such that the 
switched charge relative to the switched charge 
of the unencapsulated ferroelectric capacitor is 
increased; and 

forming a contact hole to allow metalization of 
the top electrode. 

The fabrication method of claim 10 comprising the 
steps of: 

forming an unencapsulated ferroelectric capac- 
itor including a bottom electrode, a top elec- 
trode, and a ferroelectric layer between the top 
and bottom electrodes; 

extending the ferroelectric layer to completely 
encapsulate the top electrode such that the fa- 
tigued switched charge at a predetermined 
number of switching cycles relative to the fa- 
tigued switched charge for the same number of 
switching cycles of the unencapsulated ferroe- 
lectric capacitor is increased; and 
forming a contact hole to allow metalization of 
the top electrode. 
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16. The method of any of claims 11 to 15 in which the 
step of extending the ferroelectric layer comprises 
the step of forming an additional ferroelectric layer. 

17. The method of claim 9 comprising the steps of par- 
tially encapsulating the said electrode in the ferro- 
electric layer between the electrodes and forming a 
dielectric layer over the partially encapsulated elec- 
trode. 

18. The fabrication method of claim 17 comprising the 
steps of: 

forming a partially encapsulated ferroelectric 
capacitor including a bottom electrode, a top 
electrode, and a ferroelectric layer between the 
top and bottom electrodes that also partially 
surrounds the top electrode such that the op- 
posite state charge relative to the opposite 
state charge of a similar-sized unencapsulated 
reference ferroelectric capacitor is increased; 
forming a dielectric layer over the partially en- 
capsulated top electrode; and 
forming a contact hole in the dielectric layer to 
allow metalization of the top electrode. 

19. The fabrication method of claim 17 comprising the 
steps of: 

forming a partially encapsulated ferroelectric 
capacitor including a bottom electrode, a top 
electrode, and a ferroelectric layer between the 
top and bottom electrodes that also partially 
surrounds the top electrode such that the op- 
posite state charge aging rate relative to the op- 
posite state charge aging rate of a similar-sized 
unencapsulated reference ferroelectric capac- 
itor is decreased; 

forming a dielectric layer over the partially en- 
capsulated top electrode; and 
forming a contact hole in the dielectric layer to 
allow metalization of the top electrode. 



capsulated top electrode; and 

forming a contact hole in the dielectric layer to 

allow metalization of the top electrode. 

s 21. The fabrication method of claim 17 comprising the 
steps of: 

forming a partially encapsulated ferroelectric 
capacitor including a bottom electrode, a top 

10 electrode, and a ferroelectric layer between the 

top and bottom electrodes that also partially 
surrounds the top electrode such that the 
switched charge relative to the switched charge 
of a similar-sized unencapsulated reference 

is ferroelectric capacitor is increased; 

forming a dielectric layer over the partially en- 
capsulated top electrode; and 
forming a contact hole in the dielectric layer to 
allow metalization of the top electrode. 

20 

22. The fabrication method of claim 17 comprising the 
steps of: 

forming a partially encapsulated ferroelectric 
2S capacitor including a bottom electrode, a top 

electrode, and a ferroelectric layer between the 
top and bottom electrodes that also partially 
surrounds the top electrode such that the fa- 
tigued switched charge at a predetermined 
30 number of switching cycles relative to the fa- 

tigued switched charge for the same number of 
switching cycles of a similar-sized unencapsu- 
lated reference ferroelectric capacitor is in- 
creased; 

35 forming a dielectric layer over the partially en- 

capsulated top electrode; and 
forming a contact hole in the dielectric layer to 
allow metalization of the top electrode. 

40 23. The method of any of claims 1 8 to 22 in which the 
step of forming the partially encapsulated ferroelec- 
tric capacitor further comprises the steps of: 
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20. The fabrication method of claim 17 comprising the 
steps of: 

forming a partially encapsulated ferroelectric 
capacitor including a bottom electrode, a top 
electrode, and a ferroelectric layer between the 
top and bottom electrodes that also partially 
surrounds the top electrode such that the volt- 
age at which the switched charge reaches 
about 90% of its final value relative to the volt- 
age at which the switched charge reaches 
about 90% of its final value of a similar-sized 
unencapsulated reference ferroelectric capac- 
itor is decreased; 

forming a dielectric layer over the partially en- 



partially etching the ferroelectric layer to form 
45 an indentation; and 

forming the top electrode in the indentation. 

24. An integrated circuit ferroelectric memory cell hav- 
ing a bit line, a word line, and a plate line, compris- 
so ing: 

a silicon substrate or epitaxial region; 
a transistor formed in the substrate including 
first and second diffused regions, a thin gate ox- 
55 ide, and a gate forming the word line; 

a thick oxide layer formed on the substrate in- 
cluding contact holes to allow metalization of 
the first and second diffused regions; 
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a ferroelectric capacitor formed on the thick ox- 
ide layer, the ferroelectric capacitor including a 
bottom electrode, a ferroelectric layer, and a 
top electrode, wherein the ferroelectric layer ei- 
ther partially or completely encapsulates the 
top electrode and includes a contact hole to al- 
low metalization of the top electrode; 
a first dielectric layer formed over the thick ox- 
ide layer and the ferroelectric capacitor includ- 
ing contact holes to allow metalization of the 
first and second diffused regions, and the top 
and bottom electrodes of the ferroelectric ca- 
pacitor; 

a first patterned metalization layer for contact- 
ing the first diffused region, for forming a local 
interconnect between the top electrode and the 
second diffused region, and for metalizing the 
bottom electrode; 

a second dielectric layer formed over the first 
metalization layer including contact holes to al- 
low metalization of the first diffused region and 
the bottom electrode: 

a second patterned metalization layer for con- 
tacting the first diffused region to form the bit 
line, and for contacting the bottom electrode to 
form the plate line; and 
a passivation layer formed over the second me- 
talization layer. 
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as claimed in any one of claims 1 to 8. 

32. A fabrication method comprising the steps of: 

forming a ferroelectric FET including at least 
two source/drain regions and a ferroelectric 
gate structure; and 

encapsulating the ferroelectric gate structure 
with a hydrogen-barrier cap layer distinct from 
the ferroelectric gate structure. 



33. A method of protecting a ferroelectric device resi- 
dent on an integrated circuit from hydrogen dam- 
age, the method comprising the step encapsulating 

is the ferroelectric device with a hydrogen-barrier cap 
layer distinct from the ferroelectric device. 

34. A ferroelectric FET including at least two source/ 
drain regions, a ferroelectric gate structure and a 

20 hydrogen-barrier cap layer distinct from the ferroe- 
lectric gate structure. 

35. An integrated circuit including a ferroelectric device 
comprising a hydrogen-barrier cap layer distinct 

2S from the ferroelectric device. 



25. An integrated circuit ferroelectric memory cell as in 
claim 24 in which the first dielectric layer comprises 
a ferroelectric layer. 



30 



26. An integrated circuit ferroelectric memory cell as in 
claim 24 or claim 25 in which the second dielectric 
layer comprises a ferroelectric layer. 



35 



27. An integrated circuit ferroelectric memory cell as in 
any of claims 24 to 26 in which the passivation layer 
comprises a ferroelectric layer. 40 



28. An integrated circuit ferroelectric memory cell as in 
claim 24 in which the ferroelectric layer comprises 
a material selected from the group consisting of 
PZT and SBT. 45 



29. An integrated circuit ferroelectric memory cell as in 
claim 24 in which the ferroelectric layer comprises 
first and second layers of ferroelectric material. 

50 

30. An integrated circuit ferroelectric memory cell as in 
claim 24 in which the ferroelectric layer comprises 
a first layer comprising a material selected from the 
group consisting of PZT and SBT, and a second lay- 
er comprising a material selected from the group 55 
consisting of PZT and SBT. 



31 . A ferroelectric memory cell comprising a capacitor 
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